The value of performing follow-up PET/CT imaging more than 6 mo after the conclusion of therapy-either as a routine practice or because of clinically suspected recurrence-is not well established. The purpose of this study was to evaluate the added value of followup PET/CT to the clinical assessment and survival outcome of lung cancer patients. Methods: This was a retrospective study of 261 biopsy-proven lung cancer patients at a single tertiary center. In total, 488 follow-up PET/CT scans done 6 or more months after the completion of initial treatment were included in this study. Median follow-up from the completion of primary treatment was 29.3 mo (range, 6.1-295.1 mo). Overall survival (OS) benefit was measured using Kaplan-Meier plots with a Mantel-Cox log-rank test. A multivariate Cox regression model was provided with clinical covariates. Results: Of the 488 PET/CT scans, 281 were positive and 207 negative for recurrence. Overall median survival from the time of the PET/ CT study was 48.5 mo. The median survival of PET-positive and PETnegative groups was 32.9 and 81.6 mo, respectively (P , 0.0001). A subgroup analysis demonstrated a similar difference in OS for 212 scans completed between 6 and 24 mo after treatment (P 5 0.0004) and 276 scans completed after 24 mo (P 5 0.0006). In the context of clinical assessment, PET/CT identified recurrence in 43.7% (107/245) of scans without prior clinical suspicion and ruled out recurrence in 15.2% (37/243) of scans with prior clinical suspicion. There was a significant difference in OS when grouped by clinical suspicion (P 5 0.0112) or routine follow-up (P , 0.0001). In a multivariate Cox regression model, factors associated with OS were age (P , 0.0001) and PET/CT result (P 5 0.0003). An age-stratified subgroup analysis demonstrated a significant difference in OS by PET scan result among patients younger than 60 y and between 60 and 70 y but not in those older than 70 y (P , 0.0001, P 5 0.0004, and P 5 0.8193, respectively). Conclusion: 18 F-FDG PET/CT performed for follow-up more than 6 mo after the completion of primary treatment adds value to clinical judgment and is a prognostic marker of OS in lung cancer patients, regardless of the timing of the follow-up scan, and especially in patients younger than 70 y.
Lungcanceri s the most common cause of cancer-related mortality, accounting for an estimated 1.3 million deaths worldwide per year (1) . In the United States, the lifetime risk of lung cancer is 6.9%, with an estimated incidence of 228,190 in 2013 and an estimated mortality of 159,480 in 2013 (2) . Overall 5-y survival for individuals diagnosed with lung cancer is 16.6% (2) . Lung cancer is most likely to recur in the first 4 y after curative-intent therapy, with 10% of recurrence being after 5 y (3, 4) .
The recommendations of the National Comprehensive Cancer Network for lung cancer surveillance are chest CT with or without a contrast agent every 6-12 mo for 2 y, followed by annual noncontrast-enhanced chest CT thereafter (5) . Similar recommendations for non-small cell lung cancer are made by the European Society for Medical Oncology: follow-up imaging every 3-6 mo for the first 2 y and annually thereafter (1) . PET/CT is not included as part of follow-up or surveillance, although the literature provides evidence of its high diagnostic performance, with improved sensitivity and specificity over CT for cancer recurrence (3, (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . The improved diagnostic accuracy of 18 F-FDG PET/CT is necessary but not a sufficient condition in itself to improve outcome, unless the management is altered and therapy is efficacious. Colice et al. completed an analysis of different guidelines on radiologic surveillance of lung cancer; however, a recommendation for routine PET surveillance after therapy was not given because of the limited number of studies showing added value (3) . Despite extensive literature on the improved accuracy of 18 F-FDG PET and PET/CT over CT, in lung cancer there is little evidence supporting the use of surveillance 18 F-FDG PET/CT over current conventional imaging methods for predicting survival, as has previously been established between chest CT and chest radiography (15) . However, there is evolving evidence of the value of 18 F-FDG PET/ CT in follow-up or surveillance for patient outcomes in other cancers (16, 17) .
The objective of this study was to evaluate the prognostic value of 18 F-FDG PET/CT in overall survival (OS) of lung cancer patients when performed between 6 and 295 mo after completion of curative primary treatment, with or without clinical suspicion of recurrence.
MATERIALS AND METHODS

Eligible Patients and Follow-up
This was a retrospective study performed under a waiver of informed consent as approved by the Institutional Review Board. The guidelines of the Health Insurance Portability and Accountability Act were followed. All patients treated for biopsy-proven lung cancer at a single tertiary center with one or more follow-up 18 F-FDG PET/ CT scans obtained at least 6 mo after completion of primary treatment were included in the study. Research has shown that the accuracy of PET/CT increases when performed at 6 mo or more after treatment (10) . This increased accuracy is due in part to reduced inflammation in the treated tissue by that time, and thus follow-up PET/CT is recommended no earlier than 4-5 mo after therapy (10) . For this reason, only PET/CT studies conducted at least 6 mo after treatment were included in this study. Between January 2001 and October 2013, a total of 261 lung cancer patients met our study inclusion criteria, providing a total of 488 follow-up PET/CT scans (range, 1-12 per patient). These scans were performed as part of routine clinical follow-up or at the time of clinical concern about suspected recurrence. All patients were followed till death or their last day of clinical follow-up at our center. The median follow-up time among these patients was 29.3 mo (range, 6.1-295.1 mo). Patient demographics, histology, stage, and other therapy details are summarized in ½Table 1 Table 1 .
F-FDG PET/CT Protocol
PET/CT studies were performed according to institutional clinical protocol. Patients were injected with a standard 73.4 MBq/kg (0.9 mCi/lb) dose of 18 F-FDG, with a maximum of 925 MBq (25 mCi), and PET/CT imaging was initiated 1 h after 18 F-FDG administration using 2 different PET/CT systems: Discovery LS (2-dimensional) or Discovery VCT (3-dimensional) (GE Healthcare). Whole-body scanning was performed, with images obtained on supine patients with their arms above their head, using a 128 · 128 matrix and a rate of 5 min per bed position. PET images were reconstructed with a 2-dimensional and 3-dimensional ordered-subsets expectation maximization algorithm. All PET data were reconstructed with and without CT-based attenuation correction. Helical CT (120 kV; 20-2,000 mAs; 8.0 noise index) images were obtained with a matrix of 512 · 512. Beam collimation was 10 mm, with a pitch of 0.984. Slice thickness was 3.75 mm, and field of view was 50 cm.
Image Analysis
Board-certified nuclear medicine physicians provided clinical readings of all 18 F-FDG PET/CT images at the time the imaging was performed. The clinical reports were retrospectively read and categorized as positive, indeterminate, or negative by a nuclear medicine resident and a nuclear medicine postdoctoral fellow. Positive reports clearly stated that there was recurrence of primary disease or evidence of 18 F-FDG-avid metastasis. Indeterminate reports did not confirm or deny recurrence, and their impression section included language such as "indeterminate," "suspicious for recurrence," or "cannot exclude recurrence." Negative reports clearly concluded that there was no evidence of recurrence. The first scan positive for recurrence was used in the analysis of OS, and all subsequent scans were excluded from the study. Follow-up studies were further grouped as having been performed for routine surveillance or secondary to clinical suspicion of recurrence or metastases. The last clinical note of the requesting physician and the indication for the study in the clinical report were analyzed to establish clinical suspicion, which was clearly stated as a concern about recurrence or metastasis because of patient symptoms, physical examination findings, or suggestive findings on a recent CT scan. An 18 F-FDG PET/CT scan was established as having been obtained for routine surveillance if no concerns about lung cancer recurrence or metastasis were noted in the patient's electronic medical records or in the request form for the 18 F-FDG PET/CT scan.
Outcome Measures
The primary clinical endpoint of the analyses was OS, which was defined as the time between the follow-up 18 F-FDG PET/CT scan and death. For each patient, the date of the PET/CT scan was recorded. Additionally, the date of death was recorded from a review of medical records and a public registry of death (18) . Surviving patients were censored on their last day of clinic follow-up at our center.
Statistical Analysis
We present data as mean 6 SD for central tendencies, as median followed by range in parentheses for skewed data, and as frequency and percentage for categoric variables. Between groups, analyses were performed using independent-samples t testing, but when data were skewed, the Mann-Whitney U test was used. Our analysis was undertaken to determine whether there was an association between the follow-up PET/CT result and OS. Survival probabilities were calculated using Kaplan-Meier survival curves and compared using the Mantel-Cox log-rank test. The association of clinical variables with OS was evaluated using univariate and multivariate Cox regression models. To establish the effect of PET/CT results on survival outcome, a hierarchical regression analysis was also performed using the significant clinical predictors before including the PET/CT result. Statistical significance was set at a 2-tailed P value of 0.05 for all tests. All statistical analysis was performed using the JMP statistical package (version 11.0; SAS Institute Inc.).
RESULTS
Categorization of PET/CT Result
In total, 488 18 F-FDG PET/CT scans were obtained from 261 lung cancer patients (118 male, 143 female). Of these patients, 88.9% (232/261) had 1-3 scans, 10.3% (27/261) had 4-6 scans, and 0.8% (2/261) had 7-12 scans. For clinical utility purposes, the negative and indeterminate reports were grouped as "negative for tumor recurrence or metastasis" and positive reports were grouped as "positive for tumor recurrence or metastasis." PET/CT scans for recurrence or metastasis had negative results in 207 cases and positive in 281 cases. Of the negative scans, 41.5% (86/207) were obtained [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Table 2 ). Only variables significant in the univariate analysis were included in the multivariate Cox model. After adjustment for these covariates, age (P , 0.0001) and PET/CT result (P , 0.0001) were the only variables significantly associated with OS ( ½Table 3 Table 3) .
We also performed a hierarchical regression analysis including the statistically significant clinical variables (age, sex, smoking, and treatment type) in the first step and then the PET/CT result. There was a statistically significant change in the model statistics (log likelihood 32.5, x 2 64.99, to log likelihood 41.9, x 2 82.39; P , 0.0001).
PET/CT Result and Kaplan-Meier Survival Analysis
A total of 165 patients died during the study period: 135 (81.8%) had at least one positive PET/CT result and 30 (18.2%) had all negative PET/CT results (P , 0.0001). Of the 488 scans included in this study, overall median survival from the time of the PET/CT study was 48.5 mo (range, 0-166 mo). The median survival of PET-positive and PET-negative groups was 32.9 mo and 81.6 mo, respectively (P , 0.0001). The Kaplan-Meier analysis based on PET/CT results showed a significant difference in OS between those who had a positive result and those who had a negative result (log-rank P , 0.0001; hazard ratio [ Fig. 1) . A subgroup analysis demonstrated a similar difference in OS between PET-positive and PET-negative groups for 212 scans completed between 6 and 24 mo after primary treatment completion (log-rank P 5 0.0004; HR, 1.83; 95% CI, 1.31-2.6) and 276 scans completed more than 24 mo after primary treatment completion (log-rank P 5 0.0006; HR, 1.78; 95% CI, 1.28-2.5) ( 
Influence of Age on the Impact of PET/CT Result and OS
Because age was one of the independent covariates associated with OS in Cox models, we further investigated the influence of patients' age on the impact of PET/CT results for OS. The study population was stratified into 3 groups: younger than 60 y, between 60 and 70 y old, and older than 70 y. There was a significant difference in survival between 18 F-FDG PET-positive results (median survival, 45.2 mo) and 18 F-FDG PET-negative results (median not reached; only 20% had died at 160 mo) in patients younger than 60 y (log-rank P , 0.0001; HR, 5.38; 95% CI, 2.74-11.83) and between 18 F-FDG PET-positive results (median survival, 28.5 mo) and 18 F-FDG PET-negative results (median survival, 74.61 mo) in patients 60-70 y old (log-rank P 5 0.0004; HR, 2.02; 95% CI, 1.36-3.02). There was no statistically significant difference between 18 F-FDG PET results and OS in patients older than 70 y (log-rank P 5 0.8193; HR, 1.04; 95% CI, 0.74-1.4) ( Figs. [4] [5] [6] . Of the 488 scans, 245 (50.2%) were obtained for routine follow-up without clinical suspicion of recurrent disease and 243 (49.8%) were obtained to evaluate for suspected disease. Of the routine scans, 48.6% (119/245) were obtained 6-24 mo after treatment and 51.4% (126/245) were obtained more than 24 mo after treatment. Of the clinical suspicion scans, 38.2% (93/243) were obtained 6-24 mo after treatment and 61.7% (150/243) were obtained more than 24 mo after treatment. Additionally, the probability of a 18 F-FDG PET-positive result was significantly more likely to be associated with clinical suspicion than a routine scan, whereas an 18 F-FDG PET-negative result was significantly more likely to be associated with a routine scan ( ½Table 4 Table 4 ). The Kaplan-Meier analysis showed a significant difference in OS between patients in the clinical suspicion group who had a positive PET/CT result (median survival, 38.6 mo) and those who had a negative result (median survival, 74.6 mo) (log-rank P 5 0.0112; HR, 1.61; 95% CI, 1.12-2.37). The Kaplan-Meier analysis showed a significant difference in OS between patients in the routine scan group who had a positive PET/CT result (median survival, 28.3 mo) and those who had a negative result (median survival, 93.7 mo) (log-rank P , 0.0001; HR, 1.99; 95% CI, 1.43-2.78) ( ½Fig: 7 Fig. 7 ).
DISCUSSION
The primary objective of this study was to evaluate the prognostic value of 18 F-FDG PET/CT in OS of lung cancer patients when performed between 6 and 295 mo after completion of curative primary treatment, with or without clinical suspicion of recurrence. Our study demonstrated that PET/CT was a significant prognostic indicator of OS regardless of the timing of Follow-up or surveillance 18 F-FDG PET/CT has excellent accuracy and can bring about a change in management. Hicks et al. prospectively investigated a population of patients who were referred because of suspected relapse; patients were excluded if therapy had been completed less than 6 mo before imaging. The results demonstrated a PET sensitivity of 98% and specificity of 82%, with a change in management for 63% of patients within a 2-y study period (19) . Gregory et al. prospectively analyzed the effect of PET/CT surveillance over a 5-y period and found a 42.3% change in management based on the PET/CT findings, with a 50.6% stage discordance between PET/CT and CT (20) . Others (21-23) have also established a significant change in management of lung cancer patients based on the results of a PET study. The National Oncologic PET Registry has demonstrated a roughly 35% change in management-and more specifically a 13%-15% imageadjusted impact on management-based on the results of a PET study (23) .
Using survival analysis, we demonstrated that PET/CT results positive for recurrence or metastases were associated with decreased OS, and this finding was significant regardless of the timing of the scan during follow-up or surveillance. We chose an interval of 24 mo because most of the accepted recommendations for CT surveillance in lung cancer are well defined in the first 2 y and become variable after that cutoff (1, 5) . Others have demonstrated the utility of surveillance PET/CT performed more than 6 mo after the completion of treatment. In the surveillance of asymptomatic patients with non-small cell lung cancer 1 y after curative-intent surgery, Dane et al. found recurrence in 16% of patients whereas Cho and Lee found recurrence in 31.4% of patients (5, 24) .
In our study, PET/CT identified recurrence or metastasis in 43.7% of scans obtained without prior clinical suspicion and excluded malignancy in 15.2% of scans obtained with prior clinical suspicion. The number of studies requested for routine surveillance (50.2%) was similar to the number requested because of clinical suspicion of disease progression (49.8%). The number of routine studies requested between 6 and 24 mo after treatment (48.6%) was similar to the number requested after 24 mo (51.4%). Among the studies requested because of clinical suspicion, fewer than two thirds were done more than 24 mo after treatment. This finding demonstrates a nonrandom probability and, further, that a PET/CT result is more likely to be positive if there is clinical suspicion of recurrence. However, as we expected, we found that the association between the PET/CT result and OS continued to be significant regardless of whether clinical suspicion was present before the study.
To account for additional covariates in our patient population, we used a multivariate Cox regression model. This demonstrated a significant positive relationship between OS and age, as well as a significant negative relationship between OS and a positive PET/CT result. The majority (85.5%) of our patients were older than 55 y, and we expected increased mortality with increasing morbidity in this age group. Stratification analysis by age showed a significant association between the PET/CT result and OS in the group younger than 60 y and the group 60-70 y old. However, there was no statistically significant association in the group older than 70 y. This result shows an overall relative decrease in survival for those older than 70 y after curative-intent therapy, thus reducing the impact of follow-up or surveillance PET/CT. Decreased survival in those 65 y or older after 5 or more years after curative intent surgery (25) has been demonstrated previously.
Hence, it appears, follow-up or surveillance PET/CT is valuable for OS in patients younger than 70 y. However, the cause of mortality was not investigated, as our endpoint was OS. Noncancer-related deaths could be a contributing factor in this age group.
We acknowledge several limitations of the current study. This was a retrospective study, and such studies have inherent errors of confounding when the exposure is not controlled for as in prospective studies. Indeterminate imaging results were included, whose root cause we did not analyze. The median OS for indeterminate results was 48 mo, which is closer to the PETpositive than the PET-negative median OS. To control for these indeterminate results, we favored underestimating the effect of a PET-positive study rather than overestimating it by including the indeterminate results with the PET/CT-negative group. Clinical suspicion of recurrence was retrospectively determined from our electronic medical and imaging records. Lung cancer stage, especially for earlier medical records, was not reported, and the effect of stage on OS may be underestimated. Since many patients were referred from outside our institution, we could not directly establish the effect of diagnostic CT or the added value of 18 F-FDG PET/CT over diagnostic CT.
CONCLUSION
18 F-FDG PET/CT performed during follow-up more than 6 mo after the completion of primary treatment is a prognostic marker of OS in lung cancer patients, regardless of the timing of the scan, especially in patients younger than 70 y. PET/CT adds value to clinical judgment by excluding recurrence in 15% of patients in whom it is suspected and by identifying recurrence in 43% of patients in whom it is not clinically suspected.
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